An introduction to high-power lasers and strong-field laser-atom interactions is given, and the main experimental and theoretical results concerning high-order harmonic generation are reviewed. The single atom response as well as the macroscopic phase-matching effect is discussed. The formation and extent of the characteristic plateau in the harmonic spectra are discussed in terms of a physical picture valid in the tunnel-ionisation repime. Very high-order harmonics have been reported, opening the way to construct bright sources of coherent radiation in the XUV and soft X-ray ranges. Some examples of possible applications of such a source are presented.
Introduction
When an intense laser field interacts with an atomic gas, odd harmonics of the fundamental frequency are generated. Using ultra-high intensity lasers and rare-gas atoms as targets, harmonic orders as high as 135 [l] , and wavelengths as short as 7.4nm [2] have been reported. As this implies generation of photons with energies far exceeding the atomic binding energy, a number of fundamental questions concerning the interactions between free atoms and ultra-intense laser fields arise. The most characteristic behaviour in the distribution of the intensities of the harmonics is a plateau where the intensities of successive orders are roughly the same, contradicting any prediction based on lowest-order perturbation theory. The interest to study harmonic generation comes from both a fundamental and an applied physics point of view, and the area has attracted considerable theoretical and experimental attention during the past few years. Harmonic generation links the fields of atomic physics at high optical-field strengths (single atom responses) with non-linear optics (phase matching). A large number of studies have been reported, using different targets, laser wavelengths, and pulse duration.
High harmonic generation opens a possible route to the development of compact sources of high brightness coherent radiation in the extreme ultraviolet (XUV) and soft X-ray spectral regions. Harmonics in the XUV can be produced with a spectral brightness (photons/unit time/unit area/unit solid angle/unit bandwidth) exceeding that obtainable from conventional sources such as synchrotrons. Continuously tunable XUV radiation can be obtained by using a tunable pump laser. Even if a short-pulse laser with associated Fourier broadening is used, the spectral width of the XUV radiation is still comparable with that of synchrotron radiation sources, for which the spectral width is actually given by a monochromator. Consequently, spectroscopic investigations in atomic and molecular physics, including innershell excitations, can be performed with harmonic generation as the XUV radiation source. The short-pulse nature of this radiation will be useful in various applications, such as pump-probe experiments for studying, e.g. the dynamics of molecular interactions. The dynamics of certain semi-conductor surface states were recently investigated [3] utilising the pump-probe technique, combining a subpicosecond laser in the visible as the pump, and selected harmonics in the XUV, from the same laser, as the probe.
Applications requiring coherent radiation in the XUV and soft X-ray spectral regions, such as X-ray holography, have motivated large efforts in X-ray laser research. Compared with plasma-based X-ray laser schemes, radiation sources based on harmonic generation is technically much less demanding. The X-ray lasers in operation today, generally operate with very low repetition rates. An XUV source based on high-order harmonic generation and a state-ofthe-art table-top terawatt laser, will not be able to deliver as much energy per pulse, but it can operate with a repetition rate several orders of magnitude higher. These characteristics are ideal in certain applications, such as photoelectron spectroscopy of surfaces where the number of photo electrons per pulse must be kept low due to spacecharge effects. High-order harmonic generation, with its brightness, tunability and repetition rate, will probably become a valuable complement to synchrotrons as well as to X-ray lasers.
The aim of this paper is to give a brief review of highharmonic generation research, presenting some of the essential experimental and theoretical results. The rapid progress in strong-field atom-laser interaction research has only been possible because of the very fast development in short-pulse, high-power laser technology during the last decade. Before further describing harmonic generation a brief presentation of relevant high-power laser technology and strong field ionisation will therefore be given.
High power lasers
High laser intensity (> 1013 W/cmZ) in a significant focal volume requires high laser power. Peak powers in the TW range (10I2 W) have been available for some time, but only at very large scale facilities and with very low pulse repetition rates. With pulse lengths of ns duration, these lasers require large pulse energies, in the kJ range. In recent years there has been an enormous improvement in the techniques for generation of ultrashort laser pulses. With pulses in the picosecond, or even in the femtosecond regime, energies of the order of one J or less are sufficient to produce TW peak power or more. The possibility of obtaining very high peak powers using pulses with such low pulse energies has made it feasible for even modest-size laboratories to study intensefield interactions.
A short pulse duration requires a broad spectral bandwidth. Dye and rare-gas excimer systems have broad gain bandwidths, typically 20-40 nm, which can support pulses as short as about 30fs. The use of dyes in the design of ultra-short pulse oscillators has resulted in several successful techniques. However, dyes are not very suitable as highpower amplifiers, and therefore these oscillators are frequently used in combination with solid-state amplifiers, or, after frequency up-conversion, with excimer amplifiers. A unique, and for many applications very useful feature of excimer lasers is that they operate directly in the deep UV region. The saturation Auence of excimer amplifiers, however, is low and pulse energies in the order of one Joule or more require large beam diameters.
Solid-state materials can be used both as short-pulse oscillators and amplifiers. The most commonly used solidstate laser materials for pulsed lasers is neodymium-doped yttrium aluminium garnet (Nd : YAG). However, it has a gain bandwidth of only about 0.45 nm and can therefore not be used for very-short pulse generation. Neodymium-doped phosphate glass (Nd : Glass) has a wider bandwidth, about 20 nm, centred at 1053 nm, and can be used for pulse durations down to about 0.5 ps. It has, until now, been the most frequently used solid-state laser material in high-power lasers. A rather new solid-state laser material, that has gained a lot of interest, is titanium-doped sapphire (Ti : Al2O3, abbreviated Ti : S). It has a very broad bandwidth (hundreds of nm, peak around 800nm) and can, in principle, support pulses down to a few fs. This feature, together with very high thermal conductivity and mechanical rigidity, has made Ti : S a much utilised material in short-pulse, solid-state laser design.
Optical components can typically withstand intensities of the order of a few GW/cm2 without being permanently damaged, or severely degrading the quality of the optical beam passing through them. To amplify, or even to propagate, optical pulses at the TW level therefore requires large beam diameters. However, large laser crystals, or rods, are not only expensive, they are very dificult to pump uniformly and have long thermal recovery time. The pulse repetition rate of laser systems with large beam diameters is consequently very low. An important breakthrough in highpower laser technology came a few years ago with the introduction of the Chirped Pulse Amplification (CPA) [4, 51 technique. With this technique, the problem with high power density in the amplifier is overcome, first by temporally stretching, then by amplifying, and subsequently by recompressing the pulse. The stretching can be done with a pair of diffraction gratings giving a well-defined frequency "chirp" of the pulse, and the recompression is done with another grating pair doing exactly the opposite. By stretching the pulse by a factor of thousand or more in time, the diameter of crystals and other optical components in the amplifier can be kept relatively small. This has made it possible to build modest-size laser systems with high pulse repetition rates and output powers in the TW range. This development has made high-power laser research available to a broad scientific community in just a few years. A further description of the CPA technique and of a state-ofthe-art Ti : S based CPA system can be found in Ref.
[ 6 ] .
Strong field interactions
The electric field amplitude in a focused laser beam, expressed in V/cm, is related to the intensity by the simple
where I is the intensity expressed in W/cm2. At When studying high-harmonic generation, or other strong-field atom -laser interactions, ionisation of the medium and dynamic shifts of energy levels and ionisation limits must be accounted for. A few comments about these effects will therefore be given in the following. We shall limit the discussion to the "low frequency regime", i.e., the regime where the energy of the laser photon is much less than the ionisation energy, I , , of the atom or ion it interacts with. Most of the high-harmonic generation experiments discussed in this paper have been performed with laser radiation in the visible and near infrared ( h a -1-2eV), interacting with noble-gas atoms (I, > 10 eV).
Strong-field ionisation of free atoms has gathered a large interest over the past 10-15 years [12, 131. Clearly the ionisation process requires the absorption of many photons.
Using, e.g. a Nd : YAG laser (A = 1064nm) to ionise Xe or Ne gas requires 11 and 19 photons, respectively. The process can be described in two different ways, depending on the laser frequency and the intensity [14, 151. Multiphoton ionisation (MPI) can be pictured as an nth-order process, where the electron is being liberated close to the nucleus through the simultaneous absorption of at least n photons (n being the number of photons required to reach over the ionisation limit). Tunnel ionisation is the process where the electron tunnels through the potential barrier due to the atomic nucleus and the external field. The regions where these two processes dominate are roughly characterised by the Keldysh y-parameter, given by where I , is the field free ionisation potential, and o and I are the frequency and intensity of the laser field (in atomic units), respectively. A y value much less than one (low frequency, high intensity) is characteristic for tunnel ionisation. A value much greater than one (high frequencies, low intensity) characterises MPI. The ionisation of rare gases by visible or near-infrared light spans a range of y values large enough to encompass both limits. Through either of these processes, the ionisation rate increases rapidly with laser intensity. At the saturation intensity [16], I,,, , the rate will be such that the probability of ionisation during the duration of the laser pulse approaches one. This can be expressed as
where zp is the pulse duration and W(Isa,) is the ionisation rate at the saturation intensity. The saturation intensity depends on the atomic species and on the pulse duration. For the rare gases, I,,, decreases with increasing atomic number. For I = 1 pm and zp = 1 ps, I,,, is typically about 5 -1014 W/cm2 for Ne and 7 -1013 W/cm2 for Xe. A shorter pulse length corresponds to a higher saturation intensity since a higher ionisation rate is required to satisfy eq. (3). Interaction between neutral atoms and super-intense laser fields clearly requires very short pulses. If the rise time of the laser pulse is too long, the atom will ionise before the peak intensity is reached. Therefore, the development of femtosecond lasers, has not only given access to very high laser intensities, but it has also made possible super-strong interaction between laser fields and neutral atoms.
Directly after the electron has been liberated from the ionic potential, it has to oscillate in the laser field. This oscillatory motion corresponds to a certain kinetic energy for the electron. The cycle average for this energy, also called the ponderomotive energy of the free electron, is given by u,(I) = 9.33 -10-i4 .IP, (4) where the energy is expressed in eV, I , the intensity, in W/cmz, and I , the wavelength, in pm. In order to liberate an electron by a strong laser field it is obviously not sufficient to give the electron enough energy to overcome the zerofield ionisation limit, it must also be given the required oscillatory energy. The ponderomotive energy therefore acts as an upwards shift of the ionisation limit. A clear manifestation of this effect is the suppression of low-order peaks in AT1 spectra [17] , obtained at high intensity. Rydberg state electrons respond to the field in much the same way as the free electrons, and the energy levels are shifted in a similar way. This is the well-known ac-Stark shift.
The ponderomotive shift is strongly wavelength dependent, and can be very large. At the saturation intensity for ionisation of Ne, with a 1 ps, 1 pm laser pulse, the ponderomotive energy is about 47eV. This should be compared with the photon energy of -1.leV. As will be discussed below, large ponderomotive energies are also closely linked to the generation of very high-order, short-wavelength harmonics.
High-harmonic generation 4.1. Experimental set-up
After this introduction to high-power laser technology and strong-field ionisation, let us turn to the phenomenon of high-harmonic generation in strong laser fields. The schematic outline of an experimental set-up, typical for most high-harmonic generation experiments reported, is presented in Fig. 1 . The laser beam is focused by a lens into a vacuum chamber where it, at the focus, interacts with a gas of free atoms emerging from a pulsed nozzle. The atomic density in the interaction region is typically of the order of lO"-lO'* atoms/cm3 (4-40mBar). The length of the interaction region (the diameter of the gas jet) is typically about 1 mm. The generated harmonic radiation and the laser beam propagate in the same direction after the interaction region and a VUV/XUV spectrometer is required to separate the laser radiation and the harmonics of different orders.
If a conventional spectrometer with an entrance slit is used, one must place the slit close to the interaction region to obtain a high collection efficiency. However, at this point the diameter of the diverging laser beam is still small, the intensity is very high, and there will be a severe risk for laser-plasma generation on the entrance slit. An alternative arrangement is to use the spectrometer without an entrance slit, placing the interaction region directly at the slit position. With this arrangement, the grating is directly exposed to the diverging laser beam. To protect the grating from optical damage, the laser beam must diverge to a large enough diameter before reaching the grating. As will be discussed below, tight focusing, with a rapidly diverging laser beam after the interaction region, leads to much less efficient harmonic generation compared to loose focusing. The grating, therefore, must be placed at a relatively large distance from the interaction region. Finally, the harmonics can be detected, e.g. using an electron multiplier tube, or a micro-channel-plate detector.
Experimental results
As expected, due to the symmetry of free atoms, and the requirement of parity conservation, only odd harmonics are generated. The yield of the harmonics, according to lowestorder perturbation theory (LOPT), is expected to drop rapidly with increasing order. This trend is indeed observed for the lowest orders, but from the 5th or the 7th harmonic, a plateau is found where the photon yields of different harmonic orders are roughly the same. An illustration of this plateau behaviour, from one of the first observations of high-order harmonics [8] , is given in Fig. 2 . The plateau extends to increasingly higher harmonics as the peak intensity of the laser field is increased, but it always ends with a rather sharp cut-off. From recent experiments, harmonic orders as high as the 135th have been reported [l] . For the high harmonics, the cut-off energy, i.e. the photon energy of the highest harmonic in the plateau, is found [18] to increase linearly with laser intensity. This increase, however, cannot continue in an unlimited way. As the saturation intensity is reached, considerably ionisation occurs and the harmonic generation saturates, mainly due to the depletion of neutral atoms in the medium. Since the saturation intensity is species dependent, so is the maximum extent of the plateau. For the rare gases, the saturation intensities, and hence the cut-off energies, decrease with atomic weight [8] . However, for a given atomic element, the plateau can be extended by using shorter laser pulses, as shorter pulse lengths correspond to higher saturation intensities.
A comparison of the harmonic yield in the plateau region for different rare gases, at their individual saturation intensities, shows that the generation of harmonics in the heavy rare-gas atoms is considerably more efficient compared with the lighter ones. The reason for this effect will be discussed in the next section. Very high harmonic orders, requiring a light rare gas, and maximum yield of the harmonics in the plateau, requiring a heavy rare gas, can obviously not be optimised simultaneously.
The focusing geometry has a drastic effect on the macroscopic efficiency. A useful quantity that characterises the focus is the confocal parameter, b = 2zwi/L, w o denoting the beam radius at the focus and L the wavelength. For a Gaussian beam, b is equal to twice the distance on the propagation axis over which the beam section increases by a factor of two. It has been found [19] that in the tight focusing limit, the measured number of photons is proportional to b3. Loose focusing is therefore advantageous for the conversion efficiency, but as pointed out in the previous section, it leads to a high power density on the monochromator entrance-slit or on the grating.
The maximum harmonic orders observed, using lasers with short wavelengths are not as high as with long wavelengths. Using a KrF laser (A = 248 nm) up to the 25th harmonic (A = 9.9nm) has been observed [20] . This should be compared with the 135th harmonic (2 = 7.8nm) obtained [l] by a 1053 nm Nd : Glass laser. However, starting with a much shorter laser wavelength, the wavelength of the generated radiation is still very short. As will be discussed in the next section, in a given non-linear medium high harmonics from a low-frequency laser can be of much shorter wave-
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lengths than the comparatively lower harmonics from a high-frequency laser. The reason [21] why such short wavelength radiation could be observed, using the excimer laser mentioned above, is that the highest harmonics were generated, not by the neutral atoms, but by the ions produced during the laser pulse.
The physics behind the plateau raises some of the most intriguing questions regarding the generation of high harmonics. Both the formation and the extent of the plateau have been investigated [ 181 by performing systematic studies of the intensity dependence of individual harmonics. At low intensity, any harmonic is in the cut-off region and its strength varies rapidly with the laser intensity. As the intensity is increased to a critical intensity, found to be strongly order-dependent, the rate of increase of the yield is suddenly reduced -the harmonic has reached the plateau. As the intensity continues to increase, the strength of the harmonics in the plateau increases slowly and with roughly the same intensity dependence. Higher harmonics continue to join the plateau one after another until I,,, is reached and the yield of all harmonics saturates. In Fig. 3 this intensity dependence is shown for the 15th harmonic in Ar, and in Fig. 4 for some of the higher harmonics in Ne.
The spatial, or angular, distribution of the harmonic radiation is of great importance for the possibility to refocus the radiation for use in various applications. A number of investigations of the spatial distribution have recently been reported 122-241. The observed far-field distributions are found to be different for harmonics in the plateau region and in the cutoff region, and this has raised a number of interesting questions concerning the fundamental processes involved. However, the general results indicate that the possibility to refocus the radiation to high intensities should be possible.
The interpretation of the various experimental results is not an easy task because they reflect both the single-atom response to a strong laser interaction and the many-atom response of the medium. The single-atom response depends on the atomic system, laser wavelength, pulse length and peak intensity. The propagation of the field, the many-atom response, is governed by parameters such as the atomic density, the dispersion of the medium and the focusing geometry.
Single-atom response
The existence of the characteristic plateau observed experimentally clearly indicates the need to go beyond lowestorder perturbation theory for providing a correct description of the phenomena. Harmonic emission from single atoms exposed to strong fields has been extensively studied theoretically using various models and methods. Independently of the model used, the characteristic plateau seems to be a general feature of a strongly driven non-linear system. be given that provides some insight into the physical meaning of this formula and also on a number of experimental results. In this picture the electrons are first liberated by tunnel ionisation, they tunnel through the barrier formed by the atomic potential and the laser field. Their subsequent motion in the field can be treated classically, and only those electrons that return to the site of the nucleus can emit harmonics by recombining with the ionic core, back to the ground state. Classical calculations [31, 321 show, that the maximum kinetic energy acquired by the free electron from the laser field when they return to the nucleus is 3.2Up, so that the maximum emitted energy is I , + 3.2Up, close to the predictions of [30] . It should be pointed out, once more, that this picture is valid only in the limit of tunneling ionisation. For the lower harmonics, or at low intensity, atomic bound-bound transitions [33] are expected to play an important role in the harmonic-generation process. In a recent experiment [18], a systematic study of the dependence of the cut-off energy on laser intensity was carried out. The results obtained for Ne are presented in Fig. 6 . For the high harmonics there is a linear intensity dependence, but the constant of proportionality (~2 . 4 ) is smaller than obtained numerically for the single-atom response. This discrepancy is expected to be due to propagation effects [34] in the tight-focusing regime, applicable to the high harmonics. In the model presented above, three steps are taken: tunnelling ionisation, acceleration and recombination. At the saturation intensity for a light rare-gas atom, e.g. He, the ionisation rate is, by definition, identical to the ionisation rate of, e.g. Xe at its much lower saturation intensity. However, the higher intensity used for the light atoms gives the liberated electrons a larger oscillation amplitude in the field. In this picture [31, 321 with classical motion in the field, the electrons consequently pass close to the nucleus during much shorter periods of time, leading to a reduced recombination probability. The effect, together with the (smaller) differences in the field-free recombination crosssections for the different elements, might explain the experimental observation that the lighter rare gases have much lower conversion efficiencies than the heavier ones.
As seen from eq. (4), U, is proportional to the square of the laser wavelength. This observation, together with the above picture of high-harmonic generation, explains why lasers in the near infrared can generate harmonics with shorter wavelengths than excimer lasers operating in the ultraviolet. The model also predicts a strong dependence on polarisation of the laser field. After acceleration in the field, the liberated electron must be driven back to the site of the nucleus where it can recombine with the ionic core. A linearly-polarised field will do this most efficiently. In recent experiments [35-371, it was, indeed, found that in the regime of tunneling ionisation, even a low degree of ellipticity suppressed the generation of high-order harmonics by several orders of magnitude.
The ionisation energies and saturation intensities of the rare-gas ions are substantially higher than for the neutral atoms. According to the I , + 3U, formula, higher harmonic orders should therefore be possible to generate in these ions. A numerical calculation [30] for He+, using a 527nm laser at 5 x loi5 W/cm2, predicts a cut-off energy well above 400 eV. This implies that coherent radiation in the biologically interesting "water window" (2.3-4.4 nm) might be possible to generate as high-order harmonics of a laser field in the visible. Some experimental evidence of harmonic generation in rare gas ions have also been reported [18,20, 211. When ions are created by ionisation of the neutral gas, a certain density of free electrons is produced simultaneously. The dispersion of these free electrons impairs the phase matching of the medium, and since harmonic radiation from the neutrals and from the ions can be generated in different parts of the focus and at different times during the laser pulse, it becomes difficult to determine the contribution from the ions relative to the contributions from the neutral atoms. The electron dispersion also leads to a slight defocusing of the laser beam [38, 391, reducing the focused intensity in the medium. Harmonic generation in rare-gaslike ions, produced in laser-produced plasmas from solid alkali-metal targets, have also been reported [40, 411. Here the conditions regarding beam defocusing, etc. are different from the case above, where the ions and the harmonics were produced by the same laser pulse. The singly ionised alkalimetal ions have very high ionisation potentials. The ionisation energy of, e.g. Li' is 75.6 eV. This should be compared with 24.6 eV for the neutral He atom and 54.4 eV for He+. It Physica Scripta 49 might hence be possible to generate very high-order harmonics in these ions as well. The shortest experiental wavelength reported until now is 13.1 nm (the 19th harmonic of a KrF excimer laser) generated in Na+ [41].
Phase matching
The harmonic field observed at the detector can be viewed as a superposition of fields generated by the individual atomic dipoles in the medium. Harmonic generation is a coherent process and the amplitudes of the fields from the individual dipoles, and not the intensities, should be added. The detected intensity is given by the square of this total field, leading to a square dependence of the number of atoms contributing. Indeed, at low gas densities, the harmonic signal is experimentally found to vary as the square power of the atomic pressure [9]. At higher gas pressures, saturation effects and re-absorption are to be expected.
The existence of a macroscopic field requires that there be proper phase matching between the induced and the driving fields. There are essentially two reasons for the phases not to be matched : Firstly, the dispersion in the non-linear medium makes waves at different frequencies travel at different speeds in the medium and therefore get out of phase with each other. (For frequency doubling, etc. in the visible or infra-red spectral regions, this effect is circumvented by the use of birefringent crystals.) In most of the recent highharmonic generation experiments, using gas jets, the atomic density was low so the dispersion was small. Ionisation of the medium, however, creates free electrons that have a nonnegligible effect on the refractive index. They can introduce a substantial phase mismatch between the generated harmonics and the driving polarisation [29] . If the electron density varies during the laser pulse, so does the phase matching. The temporal structure of the harmonic radiation might hence be influenced by this effect as well as of the depletion of neutral atoms. Using fast electro-optical streak cameras, these structures have been studied experimentally for some of the lower harmonics [42, 431. At high intensities, the rapid change in refractive index will also lead to a spectral blue-shift of the laser radiation and of the harmonics The second reason for the phases not to be matched is connected to the unavoidable phase shift of R , occurring in a light wave in passing through a focus. (An intuitive explanation of this effect can be found in Ref. [44] .) Using a loosely focused laser beam, and a short non-linear medium, only a small fraction of this phase shift occurs in the medium. However, even if the shift inside the medium is only a fraction of the total phase shift R, the difference in phase between the driving field and the generated field will be 4 times as large for a harmonic of order 4. For suficiently high harmonics, therefore, the phase lag will reach R, after a distance Lcoh (the coherence length) in the medium, resulting in destructive interference.
For a dispersionless medium, the coherence length [45] for the 4th order harmonic generation can be approximated by the simple expression c2, 181. where b is the confocal parameter and z is the position along the optical axis.
Using a perturbative approach to phase matching, harmonics are expected to be increasingly suppressed as the order increases. As mentioned in the previous section, such a behaviour does not fit with the theoretical single-atom data and the experimental results, both showing a characteristic plateau. Recently, however, nonperturbative calculations have shown [45-471, that phase matching of focused beams depends not only on the effective phase mismatch, or coherence length, but also on how the amplitude of the polarisation varies throughout the medium. In a weak-field regime, the non-linear polarisation for a high harmonic is quite concentrated in the medium, for a distance of the order of twice Lcoh, or even less. The field grows, reaches a maximum close to the focus, and then decreases. The field created over the first half of the medium is cancelled out by that created in the second half. In contrast, in a strong field, the atomic response is non-perturbative and the variation of the harmonic emission rate with intensity is much less rapid than in the weak field limit. The length over which the polarisation is concentrated is therefore much larger and oscillations can develop over a longer length, and a significant intensity can build up and leave the medium. As a result, phase matching of the high harmonics, in the plateau, is considerably enhanced in a strong field regime as compared with the perturbative limit. These effects are illustrated for the 13th harmonic in Fig. 7 .
Summary
Rapid progress in high-power, short-pulse laser technology has made it possible to expose atoms to ultra-intense light fields, This has opened new domains of interactions to be studied and new phenomena have been discovered. The generation of very high-order harmonic radiation, with photon energies well above 100eV, is one such phenomenon linking atomic physics and non-linear optics under extreme conditions. The observed radiation depends on the response of individual atoms to the intense laser field and on the way the fields from the individual atoms build up a macroscopic field (phase matching). Both these effects have been studied extensively, experimentally as well as theoretically.
The single-atom effects are such that the maximum photon energy in the plateau, the cut-off energy, increases linearly with laser intensity. Photons with energies far exceeding the atomic binding energy are produced. In the low-frequency regime, this effect can be understood in terms of tunnelling ionisation, followed by acceleration in a classical field and recombination with the ionic core. By producing shorter laser pulses, it will be possible to expose neutral atoms to even higher intensities before they ionise. This will lead to the generation of still higher photon energies. Such an increase in saturation intensity will also raise the maximum efficiency for generation of harmonics in the plateau. However, since the number of generated photons is proportional to the pulse duration, the increase in efficiency is counteracted by the shortening of the pulse. Theoretical studies indicate that by using various ions, e.g., He+, very high harmonics, above 400 eV should be possible using lowfrequency lasers. Rare-gas-like ions from alkali-metals have high ionisation potentials and it might be possible to generate very high harmonics in these as well.
A complete picture of the macroscopic propagation effects is very complex. To treat propagation correctly in the strong field regime, one has to go beyond the perturbative approach. By doing so, it has been found that propagation affects all the harmonics in the plateau region in much the same way. The experimental intensity distribution obtained at low gas density, with the characteristic plateau, therefore resembles the single-atom distribution to a great extent. However, the harmonics in the cutoff region are suppressed much more by phase matching than the harmonics in the plateau region, resulting in a different cut-off position in the macroscopic and in the single-atom case [34] .
The number of harmonic photons scales quadratically with gas density. However, going to higher pressures will certainly complicate the picture since re-absorption, and laser-plasma interactions, such as self-focusing and parametric instabilities, can start to play important roles. The optimum conditions to choose, when using the harmonicgeneration process as the source of coherent, short-pulse XUV or soft X-ray radiation in a given application, are still to be determined.
High-order harmonic generation is a field of research that is rapidly growing in interest and activity, and great efforts are currently being devoted, world-wide, to increase the understanding of the fundamental processes and to explore the use in various applications. The rapidly improving availability of short-pulse, high-power lasers will certainly contribute to the continuation of this trend in the next-coming years.
